Lipids were extracted from vegetative cells and spores of Clostridiwn botulinum. The total lipids extracted averaged approximately 3.8% of the dry weight of vegetative cells and 2.5% of the dry weight of spores of types 61E, "F," and 115B. The fatty acids were analyzed in the form of their methyl esters by gas-liquid chromatography. Infrared spectroscopy, mercuric acetate fractionation, and silver nitratethin layer chromatography served as complementary means of analysis. The total fatty acids included straight chain, saturated, unsaturated, and cyclopropane acids. Hexadecanoic and tetradecanoic acids were the predominant acids in both the spores and vegetative cells. Together, they comprised over 50% of the total fatty acids. Unsaturated acids were the second major group. These were primarily 7,8-tetradecenoic, 9,10-hexadecenoic, 7,8-hexadecenoic, 11,12-octadecenoic, and 9,10-octadecenoic acids. Nonproteolytic types 61E and "F" possessed an 18-carbon diunsaturate, which was not found in the vegetative cells or spores of proteolytic type 115B. A mechanism for the synthesis of unsaturated and cyclopropane acids was proposed.
has increased markedly, only the lipids of a relatively few bacterial species have been intensively examined. There have been reports (4, 5) on the other species of the genus Clostridiwn, but to our knowledge, this is the first to examine the fatty acids of Clostridium botulinum vegetative cells and spores.
The physiological significance of the complex lipids of this bacterium is currently being investigated in our laboratory. However, a thorough knowledge of their component fatty acids is an essential prerequisite for complete understanding.
The purpose of this study was (i) to determine the fatty acid composition of C. botulinum, a radiation-resistant anaerobic spore-former, as the first step in an investigation of the possible relationship between the lipids of this organism and its resistance to radiation and (ii) to explore the possibility of fatty acids serving as a rapid means of differentiating the chiefly proteolytic C. botulinum types A tained from the Quartermaster Food and Container Institute for the Armed Forces, Natick, Mass. The type F strain of C. botulinum was isolated from salmon (1) .
Cultural conditions. Vegetative cells were cultured in 15-liter quantities by using a modification of the Trypticase-peptone-glucose medium (TPG medium) of Segner et al. (18) . The medium consisted of 5.0% Trypticase (Baltimore Biological Laboratory), 0.5% peptone (Difco), 1.0% glucose, and 0.01% sodium thioglycolate in distilled water. The pH was adjusted to 7.1 before sterilization. A 3.0% inoculum of a 24-hr culture was used when the cells were to be grown in large quantities. Vegetative cultures were incubated for 12-, 24-, 36-, and 48-hr periods at 30 C. The cells were then harvested in a cooled, closed Sharples SuperCentrifuge (model T-1P) with a standard clarifier bowl. Cells were washed three times in 0.85% NaCl and lyophilized to facilitate extraction.
For the preparation of spores, stock spore suspensions in sterile 0.067 M phosphate buffer, pH 7.0, were heat-shocked at 65 C for 15 min (80 C for 10 min for the more heat-resistant type 115B spores) to kill residual cells and to activate the spores for germination. Immediately after heat shock, a 1.0% inoculum was introduced into freshly steamed Trypticase-thioglycolate broth (Trypticase, 5%; Bacto-peptone, 1.5%; glucose, 0.01%; sodium thioglycolate, 0.01%; thiamine hydrochloride, 0.01%;pH 7.0). The thiai hydrochloride was autoclaved separately and added after sterilization. The inoculated flasks were incubated for 10 days to allow the formation of a maximal number of spores. After the 10-day growth period, the 883 on October 26, 2017 by guest http://aem.asm.org/ Downloaded from spores were harvested and washed three times with sterile 0.067 M phosphate buffer at pH 7.
Spore preparation. Liberation of spores from residual vegetative sporangia was accomplished by a modification of the procedure of Grecz et al. (6) . The spores were resuspended in 0.067 M sterile phosphate buffer at pH 7.0, and the suspension of crude spores was digested with trypsin (150 Ag/ml) and lysozyme (200 ug/ml). Lysis of sporangia was induced by ultrasonic oscillation of the reacting mixture at 10 kc (Bronson Instrument Inc., model LS75, Sonifier). The mixture was sonically treated for 4-min periods at 0, 0.25, 0.5, 1.0, 2.0, 3.5, and 7.0 hr. Incubation of the reacting mixture between sonic treatments was at 45 C. The cleaning procedure was completed by repeated washing of the spores with distilled water. The degree of purification of spores was estimated microscopically by the disappearance of vegetative sporangia and loss of stainability by crystal violet. Cleanliness of the spores was also checked in an aqueous-polymer two-phase system (17) .
Lipid extraction. Vegetative cells were dried to a constant weight and were extracted with acetone and chloroform-methanol as described by Huston and Albro (8) . All extraction procedures were carried out under nitrogen. The extracts were pooled and evaporated under a stream of nitrogen at 45 C. The residue was taken up in chloroform-methanol (2:1, v/v) and washed by the method of Folch et al. (3) to remove nonlipid contaminants. Contaminants that were not removed by the washing procedure were separated on a diethylaminoethyl cellulose column.
To facilitate extraction, spores were first disrupted. They were mixed with chloroform to form a paste and disrupted in a glass homogenization flask with five times their wet weight of glass beads (0.11 to 1.12 mm).
Homogenization was carried out by a Bronwell carbon dioxide cooled mechanical homogenizer (MSK) at 4,000 cycles per min. An 8-min treatment was sufficient to cause complete disruption of the spores. The disrupted spores were then extracted in a manner described for vegetative cells. All chemicals used were reagent grade. Solvents were redistilled immediately prior to use.
Fatty acid analysis. Fatty acids were examined in the form of their methyl esters. The total lipids were esterified with BF3 as described by Metcalfe and Schmitz (14) . The BF3 methanolysis is simple, rapid, and quantitative. Since boron fluoride alcoholates behave like strong acids (15) , they promote methanolysis in a manner similar to HCO or H2SO4 added to methanol with the added advantage conferred by the extreme electropolarity of the boron fluoride. Chromatograms were obtained with an F & M model 402 gas chromatograph with a flame ionization detector (F & M Scientific Corp., Avondale, Penn.). All samples for qualitative study were analyzed on at least one polar and one nonpolar column. The following column packing and conditions were used: (i) silicone gum rubber (GE SE-30), 3.8% on 80/100-mesh Diatport S; the column was temperature-programmed from 160 to 250C at lOC per min; (ii) ethylene glycol succinate (EGS), 15% on 60/80-mesh Chromosorb P; the column was maintained isothermally at 170 C, 180 C, or 190 C; (iii) Apiezon L (ApL), 10% on Chromosorb P 60/80 mesh; the column was maintained isothermally at 225 C; (iv) neopentyl glycol succinate (NPGS), 10%0 on 60/80-mesh Chromosorb W; the column was maintained isothermally at 200C; (v) Carbowax 20M, 10% on 60/80-mesh Chromosorb P; the column was maintained isothermally at 185 C; (vi) FFAP, a polar liquid phase obtained from Varian Aerograph; 10% on 60/80-mesh Chromosorb P; the column was maintained isothermally at 180 C; (vii) benzylamine adipate, 20% on 35/85-mesh Chromosorb W; the column was maintained isothermally at 125 C. Helium was used as the carrier gas in all cases.
Preparative gas-liquid chromatography (GLC) was carried out on columns (6 feet by 3/8 inch; 180 by 1 cm) containing 20% ethylene glycol succinate on Chromosorb P 60/80 mesh. Temperatures and pressures were varied, depending on the fraction to be separated. The effluent stream was split; approximately 4% went to the detector, and the remainder went to a Teflon collection tube placed over the splitter exhaust.
Saturated and unsaturated methyl esters were separated by chromatography of their mercuric acetate adducts (13) . The unsaturated methyl esters were further separated on silicic acid impregnated with AgNO3 (19) . GLC was used to determine the chain length of the saturated fatty acid produced by catalytic hydrogenation (10) . The number of double bonds in the molecule was then deducible from the retention time of the original fatty acid methyl ester, the chromatographic behavior of its mercuric acetate adduct, and its behavior on AgNO3-thin layer chromatography.
The number of double bonds in the molecule was confirmed, and their positions were established by analysis of the products of permanganate-periodate oxidation performed by a modification (10) of the procedure of van Rudloff (16) . Each unsaturated fatty acid was degraded to a dicarboxylic acid that was derived from the carbon atoms from the carboxyl group to the first double bond, and a monocarboxylic acid that was derived from the carbon atoms from the last double bond to the methyl terminal end. These fatty acids were identified by GLC of their methyl esters.
Infrared spectra of the various methyl ester samples and lipid fractions were made from thin films on KBr pellets of NaCl crystals. Analyses were performed with a IR5 recording spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.).
RESULTS AND DISCUSSION
The total lipid extracted accounted for 4.2, 3.7, 3.3, 2.0, 2.7, and 3.0% of the dry weight of C. botulinum vegetative cell types li5B, 61E, and F, with percentages based upon 36-hr vegetative cells cultured as described above, and spore types 61E, F, and I1 5B, respectively. The fatty acid composition of the spores and vegetative cells is shown in (Table 2 ). The dicarboxylic acids were identified as azelaic and pimelic acids by GLC of their methyl esters. Therefore, the acids were assigned the structures 9, 10-hexadecenoic and 7, 8-hexadecenoic acids. In a similar manner, peak XIV was identified as primarily the methyl ester of 11 , 12-octadecenoic acid with a lesser quantity of 9, 10-octadecenoate. The oxidative degradation products (Table 2) support the structural designations. This peak behaved as a monoene upon AgNO3-thin layer chromatography and mercuric acetate fractiona-40 tion. It disappeared after hydrogenation, and the methyl stearate peak increased by an amount equivalent to its monoene analogue.
Peaks VIII, XII, and XV were identified as the methyl esters of cyclopropane fatty acids. The fatty acids contained 15-, 17-, and 19-carbon atoms. They exhibited properties similar to monounsaturated acids on GLC, moving ahead of the corresponding saturated fatty acid on nonpolar columns and behind on polar columns. The peaks showed an absorption band at 1,020 cm-1 characteristic of cyclopropane compounds (Fig. 2C) hydrogenation of the free acid in glacial acetic acid (2) opened the cyclopropane ring. The infrared band at 1,020 cm-' disappeared, and a new band at 1,370 cm-', characteristic of methylbranched alkanes, appeared (Fig. 2D) .
The small quantity of compound IV prevented its structural analysis. However, a plot of the logarithm of the retention time against the number of atoms disclosed that components IV, VIII, XII, and XV could be joined by a straight line with the same slope as that for methyl esters of the normal saturated fatty acids. This peak was tentatively identified as a 13-carbon cyclopropane acid.
Peak XI was identified as a branched-chain 17-carbon fatty acid methyl ester. Branched-chain saturates were distinguished from monounsaturates emerging at the same point from polyester columns by noting their reversed order on ApL and by comparing their degree of separation from n-saturates on EGS at two different temperatures (9) . Both C. botulinum 61E and F possessed an 18-carbon diunsaturate as evidenced by its behavior on AgNO3-thin layer chromatography. This component eluted slightly ahead of linoleic (9,12-octadecadienoic) fatty acid ester on GLC. After hydrogenation the retention time was identical to that of methyl stearate. The fact that this component eluted slightly ahead of methyl linoleate on an EGS column suggested that its double bonds were closer to the carboxyl end. Theoretically each additional double bond present in the carbon beyond the 9,10-position increases the polarity (11) . For instance, methyl 8,1 1-linoleate would be eluted before methyl 9,12-linoleate. This acid was not found in the vegetative cells of 115B. Lack of sufficient quantities prevented further identification of this diunsaturate.
Where quantities of fatty acid methyl esters were insufficient for structural analysis, identification was based on comparison of relative retention times of unknown peaks with those of methyl ester standards. Silver nitrate-thin layer chromatography, mercuric acetate fractionation, and GLC after hydrogenation served as complementary means of analysis.
The presence of tetradecenoic, hexadecenoic, and octadecenoic acids is consistent with the concept of an elongation (i.e. nonoxidative) pathways (12) for the biosynthesis of unsaturated fatty acids in bacteria. A proposed mechanism for the formation of long-chain saturated and unsaturated fatty acids via fl-hydroxy acid intermediate is shown in Fig. 3 . It would appear that the anaerobic elongation mode of forming unsaturated fatty acids is a major and distinctive metabolic activity in C. botulinum.
Hofmann et al. (7), who first isolated and APPL. MICROBIOL.
established the structure of a cyclopropane acid, lactobacillic acid, as cis-1 1,12-methylene octadecanoic acid, proposed that it was synthesized by the addition of a C, unit across the double bond of cis-11-octadecenoic acid; the C17 cyclopropane acid, cis-9,10-methylene hexadecanoic acid, would presumably be synthesized by analogous reactions starting with cis-9-hexadecenoic acid.
The presence of C15, C17, and C,9 cyclopropane acids in C. botulinum with their possible C14, C16, and C18, unsaturated precursors is consistent with this mode of synthesis (Fig. 3) .
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